In order to obtain linear and high molecular weight Ru(II) coordination polymers, we investigated the reaction conditions for the direct one-step metallopolymerization of bis-terpyridine poly(ethylene glycol) 3 with RuCl 3 in the presence of reducing agents. Here we discuss the direct synthesis method, the optimization and the purification of the water soluble Ru(II) chain extended poly(ethylene glycol). The optimization of the metallo-polymerization was monitored by SEC. For the highest molecular weight Ru(II) coordination polymer 4 obtained in this study, full characterization was performed by 1 H-NMR and UV-Vis spectroscopy as well as SEC proof for the formation and the stability of the designed structure.
Introduction
Metallo-supramolecular polymers offer the possibility of designing novel materials that can combine the properties of polymers with the characteristic features offered by the metal-ligand coordination [1] [2] [3] . One of the most often used chelating ligands in the current research of metallo-coordination and supramolecular chemistry is 2,2':6,2"-terpyridine (tpy) and their derivatives [4] [5] [6] [7] [8] [9] [10] [11] . The main interest for metalloterpyridine "supra-structures" is the large possibility of potential combinations between the various polymers bearing terpyridine moieties and transition metal ions characterized by different binding strengths and exchange rates [12] [13] [14] [15] 19] . In this way, new materials with tunable properties can be synthesized as in the e.g. nicely demonstrated by Newkome and co-workers who prepared large "hexagonal gasket" metallocycles [16] .
In metallo-polycondensation type polymerization reactions, each chelating monomer is linked by transition metal ions via coordinative bonds. This concept requires telechelic monomers capable to condensate continuously by metallo-complexation. Using appropriate conditions, the metallo-coordinative polymerization can yield supramolecular structures with molecular weight distributions comparable to covalently bonded polymers prepared by polycondensation. By varying the kind of transition metal ion it is possible to synthesize labile or inert metallo-supramolecular polymers; the characterization should be adjusted accordingly to their stabilities [17, 19] . Another important issue in metallo-coordination is the solubility of the resulting supra-polymers, since it is known that their potential insolubility might obstruct their analysis as well as potential applications [18] . Thus, by using water soluble chelating (macro)monomers in combination with water soluble metal complexes the solubility issue could be tactfully solved or avoided.
From the large range of transition metal ions, the ruthenium chemistry offers attractive features regarding the synthesis of homo and heteroleptic terpyridine systems. Moreover, ruthenium terpyridine complexes exhibit interesting optical and photophysical properties and their stability is much higher in comparison to other metal ions such as e.g. Fe(II) or Co(II) [19] . In addition they are kinetically rather inert. Coordination polymers with a rigid or flexible linker have been already reported for Ru(II) [20] [21] [22] [23] [24] and other transition metal ions. Depending on the structure of the utilized chelating monomers by metallo-polymerization various architectures are accessible. Previous work performed on Ru(II) poly(ethylene glycol) coordination polymers required an activation step for the Ru(III) precursor which, subsequently, was used as a key building block for synthesizing higher molecular mass species [25] . This paper reports on the optimization and synthesis of soluble linear coordination polymers based on bis-terpyridine poly(ethylene glycol) via direct Ru(II) complexation in an one-step reaction, which is a straightforward and improved approach in comparison to what has been described previously [22] .
Results and Discussion
In order to perform metallo-polycondensation reactions, first the telechelic (macro)monomer bearing chelating units has to be synthesized. The selected (macro)monomer bis-terpyridine poly(ethylene glycol) was prepared via a nucleophilic substitution between α,ω-bis-hydroxy-poly(ethylene glycol) 1 with a M n of 8 000 g/mol and 4'-chloro-terpyridine 2, as it is described in literature for other M n value (Scheme 1) [24] . The purified (macro)monomer 3 was characterized by 1 H-NMR spectroscopy and SEC demonstrating its successful formation (see Experimental Part).
Generally, the preparation of Ru(II) bis-terpyridine complexes requires two steps: the first reaction step deals with the preparation and isolation of a Ru(III) mono-complex which, in the second step, is subsequently reduced to Ru(II) and further reacted with another terpyridine ligand in order to create Ru(II) bis-terpyridine complexes. The novelty of the present complexation approach consists in the one pot reaction performed without any preliminary activation of the Ru(III) precursor or isolation of the Ru(III) mono-complex which could be possibly formed as reaction intermediate [22, 26] .
To prepare Ru(II) bis-terpyridine coordination polymers, the polycondensation conditions of monomer 3 with RuCl 3 had to be initially optimized for the one step procedure. The most successful synthesis of 4 was performed in n-butanol and Nethyl-morpholine at 117 o C, using equivalent amounts (molar ratio 1:1) of (macro)monomer 3 and RuCl 3 (Scheme 1). The replacement of n-butanol with other solvents (e.g. methanol, ethanol or dimethylformamide) was investigated but the results were less promising. Furthermore, a detailed optimization reaction was monitored by SEC using first 36 h for the n-butanol and N-ethyl-morpholine procedure ( Figure 1 An important factor in the polycondensation reaction is the concentration of the reaction mixture. Since bis-terpyridine poly(ethylene glycol) 3 has a very flexible chain, the formation of rings during the Ru(II) polycondensation process might still be possible [27] . Therefore, to minimize the probability of ring formation, the optimization reactions were performed with low amount of solvents (see Experimental Part). The SEC investigation (Figure 1 ) revealed that the Ru(II) polycondensation of the studied system first occurs with the formation of low molecular weight species and these couple in time yielding higher molecular weight homopolymers, as expected for typical chain growth polymerization or metallo-polymerization reactions [28] [29] [30] . From the SEC curves ( Figure 1 ) it can be observed that the highest molecular weight is achieved after 24 hours. Longer reaction times lead to slightly lower molecular weight Ru(II) chain extended polymers (Figure 1 , comparison of the reaction after 24 hours and 36 hours, respectively). This might be explained by the fact that the polycondensation reaction is an equilibrium process and therefore the proportion of rings varies with time being thermodynamically more favored [29, 31] . With this characteristic feature for chain growth polymerization, we could assume that during the metallo-polycondensation reaction the linear species might be first formed and then in time, due to an existent dynamic equilibrium between linear and cyclic species, the proportion of rings is favorably increased [29] . However, it should be noted that Ru(II) bis-terpyridine complexes are generally considered to be inert, so the exchange reactions will be extremely slow. The conversion of the reaction (calculated by SEC) was 81% after 14 hours reaction time and larger than 95% after 24 hours, respectively.
The purification of crude 4 (prepared by metallo-polymerization for 24 hours) was performed by BioBeads S-X1 in dichloromethane, to remove the potentially present small macrocycles and some remaining unreacted (macro)monomer 3. The purified fraction of 4 exhibits a monomodal distribution of the molecular weight which is shifted to shorter retention times in comparison to the starting material 3 (Figure 2 ). The broad distribution of the SEC curve for 4 can be expected for a metallopolycondensation reaction (PDI = 2.30). Moreover, Figure 3 displays the SEC chromatogram of the purified Ru(II) coordination polymer 4 obtained with a photodiode array detector revealing the characteristic Ru(II) bis-terpyridine metal-to-ligand charge transfer (MLCT) band of the complex at 490 nm over the whole polymer distribution demonstrating that indeed the expected Ru(II) bis-terpyridine metallo-supramolecular polymer was formed.
The 1 H-NMR spectrum of 4 confirmed the full complexation of the telechelic (macro)monomer 3 ( Figure 4 ). All signals in the aromatic region could be assigned to the complexed terpyridine protons and the chemical shifts were in agreement with the literature data [22] . Signals of free terpyridine ligands were not detected in the 1 H-NMR spectrum which indicates that the purification step was efficient in removing the possible traces of unreacted (macro)monomer 3. Furthermore, the absence of free terpyridine signals indicates the formation of high molecular weight polymers (or cycles) since no end-groups could be detected. As a result, it was not possible to estimate the molecular weight from 1 H-NMR spectroscopy.
UV-Vis spectra recorded in dichloromethane revealed the characteristic absorption bands for all analyzed compounds ( Figure 5 ). Thus, mono-complex 5 displays a strong absorption at 400 nm due to the presence of Ru(III) species in comparison to 4 which presents a characteristic MLCT band at 490 nm proving the formation of the Ru(II) bis-terpyridine complexes. The absence of the absorption band at 400 nm in the final product 4 indicates once more that all Ru(III) ions were reduced to Ru(II) during the direct one-step metallo-polycondensation. For the uncomplexed chelating (macro)monomer 3, UV-Vis spectroscopy revealed the specific π-π* absorption bands for the terpyridine moiety at 278 nm. 
Conclusions
We have synthesized, for the first time Ru(II) bis-terpyridine-poly(ethylene glycol) coordination polymers in a direct one step procedure. This new synthetic approach significantly simplifies the metallo-polymerization process by excluding the activation step. Optimization reactions were performed in order to identify the best reaction conditions able to build high molecular weight metallo-supramolecular polymers (such as, e.g., temperature, amount and quality of reaction solvents, etc.).
Subsequently, the purified Ru(II) coordination polymer was characterized by 1 H-NMR and UV-Vis spectroscopy as well SEC proving the formation of the designed structure. Future work will focus on morphology studies of the synthesized Ru(II) coordination polymers. In addition, this direct approach will be applied to other polymer building blocks.
Experimental Part

Materials and general experimental details
Chemicals were obtained from Sigma-Aldrich and used as received unless otherwise specified. All reactions were performed under an inert atmosphere of argon using closed conical glass vials that can be capped with a septum. 4'-Chloro-terpyridine was synthesized as described previously [32] . Preparative size-exclusion chromatography was performed on BioBeads S-X1 columns using dichloromethane as eluent.
Instrumentation
Size exclusion chromatograms were measured on a Waters SEC system consisting of an isocratic pump, a solvent degasser, a column oven, a 2996 photodiode array (PDA) detector, a 2414 refractive index detector, a 717 plus autosampler and a Styragel HT 4 GPC column with a precolumn installed. The eluent was N,N-dimethylformamide (DMF) with 5 mM NH 4 PF 6 at a flow speed of a 0.5 mL/min; PEG calibration was used. The column temperature was 50 °C. UV-Vis spectra were recorded on a Perkin Elmer Lamda-45 (1 cm cuvettes, CH 2 Cl 2 ). Nuclear magnetic resonance spectra were recorded on a Varian Gemini 400 MHz spectrometer at 298 K. Chemical shifts are reported in parts per million (δ) downfield from an internal standard, tetramethylsilane (TMS) in CDCl 3 and CD 3 CN.
Synthesis of the bis-terpyridine end-functionalized poly(ethylene glycol) 3
Powdered
t BuOK (420.787 mg, 3.75 mmol) and telechelic-poly(ethylene glycol) 1 with M n = 8 000 g mol -1 (5.00 g, 0.625 mmol) were stirred under argon in dry THF at 70 °C. After 30 minutes a 4 fold excess of 4'-chloro-2,2":6',2"-terpyridine 2 (669.25 mg, 2.5 mmol) was added via a dropping funnel. The mixture was refluxed for 24 h, then poured into cold water and extracted with CH 2 Cl 2 . The reaction product was purified by preparative size exclusion chromatography (BioBeads SX-1, CH 2 Cl 2 ), followed by precipitation from THF into diethyl ether. The product was finally washed with cold hexane. Yield: 90%. , PDI = 1.07.
MALDI-TOF-MS (dithranol):
n M = 9 100 g mol -1 , w M = 9 300 g mol -1 , PDI = 1.02.
Synthesis of the RuCl 3 bis-terpyridine end-functionalized poly(ethylene glycol) monocomplex 5
A mixture of RuCl 3 (500 mg, 0.06 mmol) and dry degassed DMA (10 mL) was heated under argon at 120 o C for 30 minutes. A 1/3 fold of 3 in 5 mL dry degassed DMA was added slowly to the reaction mixture. The reflux was continued overnight and then the reaction mixture was allowed to cool to room temperature followed by a partitioning between water and CH 2 Cl 2 . The organic layer was separated and dried over Na 2 SO 4 . After removing the solvents in vacuum, the crude product was passed over a BioBeads S-X1 column in CH 2 
Synthesis of the Ru(II) chain extended polymer 4
A mixture of bis-terpyridine functionalized poly(ethylene glycol) 3 (150 mg, 0.0183 mmol), the metal salt RuCl 3 
